Androgen-dependent urinary constituents from males hasten reproductive maturation (the Vandenbergh effect) and disrupt periimplantation pregnancy (the Bruce effect) in nearby females. Each of these effects can be mimicked in socially isolated females by direct administration of exogenous oestrogens. The current experiments were designed to determine the role of males' urinary 17b-oestradiol (E 2 ) in their capacities to induce these effects. A preliminary experiment showed that both males on a phyto-oestrogen-rich soy-based diet and those on a phyto-oestrogen-free diet could induce both effects. For subsequent experiments, males were castrated and treated with either oil vehicle or E 2 . Enzyme immunoassay was conducted on non-invasively collected urine samples from these males. Concentrations of urinary testosterone were subnormal in both conditions, but urinary E 2 was restored to the normal range for intact males in castrates given E 2 . Urinary creatinine was also quantified as a measure of hydration and was significantly reduced in males treated with E 2 . Castration diminished the capacity of males to promote growth of the immature uterus and also their capacity to disrupt blastocyst implantation in inseminated females. Injections of E 2 to castrated males restored both capacities. These data converge with other studies indicating that E 2 is the main constituent of male urine responsible for induction of both the Vandenbergh and the Bruce effects.
Introduction
A female's reproductive physiology can be profoundly impacted by nearby males. Of particular interest are the abilities of adult males to hasten reproductive maturation in developing females (Vandenbergh 1967) and to disrupt peri-implantation pregnancy (Bruce 1960) . These phenomena, termed the Vandenbergh and Bruce effects, respectively, have been studied extensively and are best known in house mice (e.g. Bruce 1960 , Vandenbergh 1967 , Drickamer 1983 . The Vandenbergh effect has also been observed in deer mice (Teague & Bradley 1978) , voles (Lepri & Vandenbergh 1986 ), hamsters (Reasner & Johnston 1988) , lemmings (Hasler & Banks 1975) , opossums (Harder & Jackson 2003) , pigs (Brooks & Cole 1970) and cows (Izard & Vandenbergh 1982) . The Bruce effect has also been reported in deer mice (Bronson & Eleftheriou 1963) , voles (Clulow & Langford 1971) and gerbils (Rohrbach 1982) . The current study was designed to explore the hypothesis that males' urinary oestradiol (E 2 ) is critical for their capacities to accelerate female reproductive maturation and to disrupt blastocyst implantation.
It is well established that the Vandenbergh and Bruce effects are attributable to urinary constituents passed from males to nearby females. These constituents are androgen dependent, since castrated males lose their abilities to hasten reproductive maturation and disrupt implantation in nearby females (Bruce 1965 , Colby & Vandenbergh 1974 , Vella & deCatanzaro 2001 , and androgen replacement restores these abilities (Lombardi et al. 1976 , deCatanzaro & Storey 1989 . Along with testosterone, E 2 is decreased after castration (Vella & deCatanzaro 2001) , and since testosterone is readily converted to E 2 by aromatase (Simpson et al. 2002) , androgen replacement in previous studies could have its influences through E 2 . Injections of E 2 benzoate can promote reproductive maturity in juvenile females (Bronson 1975) , and E 2 given to inseminated females can disrupt blastocyst implantation , in both cases mimicking the effects of male exposure. Moreover, when inseminated females are nasally administered urine from males given radiolabelled E 2 , radioactivity can be detected in the females' uteri and brains (Guzzo et al. 2010) . Both female reproductive maturation and blastocyst implantation are highly sensitive to oestrogens. Oestrogens drive growth of the uterus in juveniles (Ogasawara et al. 1983 , Quarmby & Korach 1984 , and although oestrogens are critical for preparing the uterus for implantation, small elevations above optimal levels can completely disrupt implantation , Ma et al. 2003 . Collectively, these data suggest that E 2 could be the urinary 'pheromone' responsible for both the Vandenbergh and Bruce effects.
Biologically active unconjugated sex steroids have been quantified in urine of mice and largely reflect systemic steroid fluctuations (Muir et al. 2001 , Vella & deCatanzaro 2001 , deCatanzaro et al. 2003 , 2004 ). An increase in urinary E 2 concentration is seen in adult male mice after they have been housed for a few days in proximity to either juvenile or recently inseminated females , 2009 . The presence of females causes males to consume more water, urinate more and direct their urine towards females ). Sex steroids are lipophilic and have low molecular weight (e.g. E 2 , 272.4 Da) and therefore easily pass from the skin or nasal area into circulation where they can bind to receptors in the uterus, ovaries and brain (Waddell & O'Leary 2002 , Guzzo et al. 2010 . Thus, early reproductive maturation and disruption of peri-implantation gestation in male-exposed females may be due in part to absorption by females of male-excreted oestrogens.
The purpose of this study was to determine whether the Vandenbergh effect is mediated by oestrogens in male urine and to confirm that the same is true for the Bruce effect. A preliminary experiment was designed to compare the capacities of males to induce the Vandenbergh and Bruce effects when they were fed either a common laboratory soy-based diet or a phytooestrogen-free diet. This was based on evidence that dietary phyto-oestrogens can influence measures of urinary E 2 and possibly the Bruce effect (Beaton & deCatanzaro 2005) and evidence that they can also influence female reproductive maturation (Whitten & Naftolin 1992 , Thigpen et al. 2003 , Khan et al. 2008a . Subsequent experiments were conducted with all males on a phyto-oestrogen-free diet, used several weeks after castration in order to diminish baseline urinary testosterone and E 2 (Vella & deCatanzaro 2001) . Some of these castrated males were given replacement injections of E 2 , while control males were given oil vehicle injections, and their urinary E 2 and testosterone levels were then compared. We exposed juvenile females to males in the two conditions, and then measured these females' uterine and ovarian mass as an indication of the Vandenbergh effect. We also exposed recently inseminated females to males in the two conditions and counted the number of intrauterine implantation sites on day 6 of gestation. The number of implantation sites is one traditional measure of the Bruce effect (e.g. Keverne & de la Riva 1982) , and it is an indicator of gestational failure during the pre-implantation period that is not confounded by post-implantation influences (Berger et al. 2008) .
Results
Initially, we compared the influences of males maintained on diets that were either soy based (rich in phytooestrogens) or phyto-oestrogen free. Phyto-oestrogen content of males' diet did not strongly influence their capacity to hasten reproductive maturity in juvenile females exposed to them and their excretions through a wire-mesh grid (Table 1) . Combined uterine and ovarian wet mass, F(2,47)Z3.63, PZ0.033, and dry mass, F(2,47)Z4.58, PZ0.015, differed among conditions. Multiple comparisons indicated that dry mass in both male-exposed groups was increased relative to that of isolated controls; for wet mass, only females exposed to males on a soy-based diet exceeded controls. For uterine mass alone, there was overall significance for both wet tissue, F(2,47)Z3.23, PZ0.047, and dry tissue, F(2,47)Z4.24, PZ0.020, with females exposed to males on the soy-based diet having significantly increased uterine mass compared with isolated females. Ovarian wet mass was altered by experimental condition, F(2,47)Z8.25, PZ0.001, with this mass significantly increased in females exposed to males on either diet. Dry ovarian mass approached the conventional level of significance, F(2,47)Z3.05, PZ0.055.
The phyto-oestrogen content of diet did not strongly impact males' capacity to disrupt implantation in recently inseminated females exposed to these males and their excretions through a wire-mesh grid (Table 2) . Overall, experimental condition impacted the proportion of females that were pregnant, c 2 (2)Z14.50, P!0.001. Specific tests for each pair of conditions showed that isolated females were more likely to be pregnant than those exposed to males on the soy-based diet, c 2 (1)Z8.18, PZ0.004, and those exposed to males Table 1 Mean (GS.E.M.) wet and dry uterine and ovarian mass of 28-day-old female mice after 7 days of isolation (isolated) or 7 days of exposure to adult males that were on either a soy-based diet or a phyto-oestrogen-free diet. Multiple comparisons indicated that females exposed to either group of males had significantly higher combined uterine and ovarian dry mass compared with isolated control females (see Results section for details).
Uterine mass (mg) Ovarian mass (mg) on the phyto-oestrogen-free diet, c 2 (1)Z14.70, P!0.001. Experimental condition also altered the number of implantation sites found on gestation day 6, F(2,64)Z8.53, P!0.001, with females exposed to males on either diet having fewer implantation sites than isolated females.
The subsequent experiments compared influences on females of castrated males given either oil (control) or E 2 injections. There were clear influences of E 2 treatment on male urinary creatinine and steroid concentrations before and after 6 days of exposure to juvenile females (Fig. 1 ). E 2 -treated males had significantly reduced urinary creatinine compared with oil-treated males both before exposure to females, t(41)Z10.62, P!0.0001, and after, t(38)Z5.62, P!0.0001. Although unadjusted urinary E 2 was not significantly different between experimental and control males before exposure to females, t(41)Z0.58, PZ0.286, it was significantly increased in E 2 -treated castrates after such exposure, t(39)Z2.75, PZ0.004. Creatinine-adjusted urinary E 2 was significantly increased by E 2 administration both before exposure, t(41)Z3.89, P!0.001, and after, t(37)Z5.73, P!0.0001. Unadjusted testosterone was significantly decreased in E 2 -treated castrates both before exposure, t(41)Z6.40, P!0.0001, and after, t(39)Z3.20, PZ0.003, but these trends were absent when urinary testosterone was adjusted for creatinine.
E 2 treatment of castrated males restored their capacity to hasten reproductive maturity in nearby juvenile females, as reflected in uterine and ovarian mass (Fig. 2) . Combined uterine and ovarian mass was clearly impacted by experimental condition both when tissue was wet, F(2,69)Z9.92, P!0.001, and dry, F(2,69)Z 10.47, P!0.001. When the uterus was considered separately, experimental condition significantly impacted both wet mass, F(2,69)Z9.58, P!0.001, and dry mass, F(2,69)Z10.37, P!0.001. Ovarian mass was significantly impacted by experimental treatment for only wet tissue, F(2,69)Z5.12, PZ0.009. Multiple Table 2 Number of females showing any implantation sites (n pregnant) and mean (GS.E.M.) number of implantation sites on day 6 of gestation, after 5 days of isolation (isolated) or exposure to adult males that were on either a soy-based diet or a phyto-oestrogen-free diet. Multiple comparisons indicated that females exposed to either group of males had significantly fewer implantation sites compared with isolated control females. Figure 1 Mean (GS.E.M.) urinary creatinine, oestradiol (E 2 ), testosterone (T), creatinine-adjusted E 2 and creatinine-adjusted testosterone concentration, immediately before (pre) and after 6 days (post) of exposure to a juvenile female, in castrated male mice given oil or E 2 injections. Sample sizes are indicated on the bars. *Significant difference from controls within measures at the same time. comparisons indicated that for all of these measures, mass was higher in females exposed to E 2 -treated castrates than in both isolated females and those exposed to oil-treated castrates. For castrated males exposed to inseminated females, there were clear influences of E 2 treatment on male urinary creatinine and steroid concentrations (Fig. 3) . Urinary creatinine was significantly reduced in castrates treated with E 2 compared with oil-treated castrates both before female exposure, t(38)Z6.51, P!0.0001, and after, t(36)Z3.63, PZ0.001. Urinary E 2 was significantly increased in castrated males treated with E 2 both before exposure, t(38)Z2.55, PZ0.007, and after, t(38)Z1.85, PZ0.034. When adjusted for urinary creatinine, urinary E 2 was increased by E 2 treatment both before exposure, t(38)Z4.19, P!0.001, and after, t(36)Z2.68, PZ0.011. Urinary testosterone was decreased by E 2 treatment before exposure, t(38)Z3.07, PZ0.004, and after, t(38)Z3.64, PZ0.001, but this was not the case when testosterone was adjusted for urinary creatinine.
Condition
On day 6 after insemination, isolated females were most often pregnant and had the most implantation sites (Fig. 4) . Experimental treatment impacted the number of females that were pregnant (O0 implantation sites), c 2 (2)Z9.71, PZ0.008. Specific tests of pairs of conditions indicated that there were fewer pregnancies among females exposed to E 2 -treated males than among isolated females, c 2 (1)Z9.38, PZ0.002. Similarly, experimental treatment affected the number of implantation sites on gestation day 6, F(2,69)Z5.07, PZ0.009, with females exposed to E 2 -treated males having significantly fewer implantation sites than isolated females.
Discussion
These data indicate that males' urinary oestrogens contribute to their abilities to hasten reproductive maturation in juvenile females and to disrupt periimplantation pregnancy in inseminated females. These effects are not attributable to the males' dietary phytooestrogens, as males on diets that are either rich in or free of phyto-oestrogens induced both the Vandenbergh and Bruce effects. Castration has long been known to eliminate males' capacity to induce both effects (Bruce 1965 , Colby & Vandenbergh 1974 , and testosterone replacement restores it (Lombardi et al. 1976 , deCatanzaro & Storey 1989 . We found that E 2 replacement was similarly effective, suggesting that this metabolite of testosterone is responsible for the testes' role in both effects. More specifically, our results indicate that the presence of E 2 in male urine is critical. Castrated males with low urinary testosterone and E 2 were incapable of inducing either the Vandenbergh effect or the Bruce effect. Replacement injections of E 2 resulted in castrated males with a normal range of urinary E 2 (cf. deCatanzaro et al. (2006, 2009) and Khan et al. (2009) ) but low urinary testosterone concentrations. These males were capable of both hastening reproductive maturation and disrupting peri-implantation gestation in nearby females.
The current data show for the first time that E 2 treatment restores the capacity of castrated males to hasten female reproductive maturation in the Vandenbergh effect. They also refine understanding of the role of male urinary E 2 in the Bruce effect, replicating previous data where a similar dose of E 2 restored the capacity of castrated males to induce the effect and a higher dose disrupted even more pregnancies (deCatanzaro et al. 1995) . The design here was improved in that implantation sites were examined rather than litter size at birth, excluding potential post-implantation effects. The current data are also complemented by quantification of male urinary E 2 levels, showing them to be at a physiological level. For both effects, our data indicate a relationship to male urinary E 2 per se.
Maturation and growth of the female mammalian reproductive tract is driven by endogenous oestrogens (Ogasawara et al. 1983 , Quarmby & Korach 1984 . Both the uterus and the ovaries express oestrogen receptors and are responsive to E 2 (Clark & Gorski 1970 , Medlock et al. 1981 , Cooke et al. 1997 , Yang et al. 2002 . E 2 stimulates uterine growth by increasing DNA synthesis and cell proliferation (Mukku et al. 1982 , Ogasawara et al. 1983 , Quarmby & Korach 1984 , Cooke et al. 1997 . It can act through oestrogen receptor a to upregulate the expression of insulin-like growth factor 1 (IGF1) and its receptor (Murphy et al. 1988 , Ghahary & Murphy 1989 , Kahlert et al. 2000 . The interaction of E 2 and IGF1 has mitogenic effects on the uterus (Sato et al. 2002 , Zhu & Pollard 2007 . The involvement of oestrogen in uterine growth is so well established Figure 2 Wet and dry mean (GS.E.M.) uterine and ovarian masses of 28-day-old female mice after 7 days of isolation (isolated) or 7 days of exposure to castrated adult males on a phyto-oestrogen-free diet receiving either oil or oestradiol (E 2 ) injections. Sample sizes are indicated on the bars. *Significant difference from the other two groups.
that such growth is frequently used as a measure of oestrogenicity (the uterotrophic assay) of chemicals in toxicological research (e.g. Ashby & Tinwell 1998 , Shaw & deCatanzaro 2009 ). Thus, exposure to exogenous E 2 via absorption from male urine could account for growth of the uterus in the Vandenbergh effect.
Similarly, absorption of E 2 from male urine could account for implantation loss in the Bruce effect, given the fact that peri-implantation gestation is highly sensitive to oestrogens. Diverse stressors can also disrupt blastocyst implantation, and this may be mediated by small rises in endogenous oestrogens above optimal levels (reviewed by deCatanzaro (2011)). Systemically administered E 2 in daily doses as low as 37 ng during the peri-implantation period results in gestation failure (deCatanzaro et al. 1991 , and nasal administration also does so at somewhat higher doses . Uteri that are primed to be receptive to implantation are rendered unreceptive by a single 10 ng dose of E 2 (Ma et al. 2003) . Supraoptimal levels of E 2 can prevent implantation by accelerating or delaying ovum transport through the reproductive tract, depending on the dose of E 2 and the species examined (Greenwald 1967 , Ortiz et al. 1979 . They can also render the uterine epithelium entirely refractory to blastocyst implantation (Ma et al. 2003) and be deleterious to survival of the blastocysts themselves (Valbuena et al. 2001) .
Male mice are a source of exogenous oestrogens for female conspecifics. Over the initial 4 days of female exposure through a wire-mesh grid, males develop polydipsia and polyuria, and increasingly direct droplets of their urine towards females' compartments (deCatanzaro et al. 2009). Males excrete unconjugated E 2 in their urine (Muir et al. 2001 ) and show increased urinary E 2 relative to creatinine when they are exposed to juvenile or inseminated females . Lipophilic steroids of small molecular weight can easily enter circulation after nasal or dermal exposure (Waddell & O'Leary 2002 , Guzzo et al. 2010 . Radiolabelled E 2 that is injected into adult males arrives in their urine, and radioactivity is especially present in the uterus after this urine is nasally administered to an inseminated female (Guzzo et al. 2010) . Thus, it is clear that unconjugated E 2 in male urine can enter the circulation of nearby females and bind where it could have impacts on implantation and uterine growth.
Historically, work on the Vandenbergh effect showed that exogenous E 2 could mimic this effect (Bronson 1975) and that endogenous E 2 in developing females changed in response to male exposure (Bronson & Desjardins 1974) . Subsequently, evidence has indicated Figure 3 Mean (GS.E.M.) urinary creatinine, oestradiol (E 2 ), testosterone (T), creatinine-adjusted E 2 and creatinine-adjusted testosterone concentration, immediately before (pre) and after 4 days (post) of exposure to a recently inseminated adult female, in castrated male mice given oil or E 2 injections. Sample sizes are indicated on the bars. *Significant difference from controls within measures at the same time. roles for preputial chemicals, such as farnesenes, in the induction of oestrus ) and growth of the uterus in developing females . However, other evidence has shown that a male's preputial glands are not necessary for his ability to induce growth of the female's uterus and ovaries ). It is likely that there are convergent mechanisms that may each be sufficient and that multiple triggers are involved in various physiological and behavioural measures of female reproductive maturation (Vandenbergh 1967 , Bronson & Desjardins 1974 , Khan et al. 2008a . Our data implicating male urinary E 2 in the Vandenbergh effect are specific to measures of uterine growth, and further research would be necessary to generalise our hypothesised mechanism to other measures of reproductive maturity. Historically, research on the Bruce effect has focused on the female's olfactory memory of the sire and a cascade of neural and endocrine events set off by impingement of novel male odours upon the female's vomeronasal organ (reviewed by Brennan (2004) ). Some recent evidence indicates that short MHCrelated peptides in novel male urine, different from those of the sire, help to trigger the female's pregnancy loss in the Bruce effect (Leinders-Zufall et al. 2004) . Notably, however, these peptides can only disrupt pregnancy when placed in male urine rather than just water (Kelliher et al. 2006) . Potential reconciliation with the role of the male's urinary E 2 suggested by our data has yet to be developed. One possibility is that distinct odours of novel males draw the female's attention and stimulate her vomeronasal vascular pump (cf. Meredith (1994) ), facilitating absorption of male urinary E 2 into her circulation (see review by deCatanzaro (2011)).
It is common practice to adjust urinary hormone concentrations by creatinine to control for differences in hydration among individuals, based on the assumption that rate of creatinine excretion is fairly constant (Erb et al. 1970 , Muir et al. 2001 , deCatanzaro et al. 2003 . However, this practice has been criticised by some as unnecessary or misleading (e.g. Alessio et al. 1985 , Hakim et al. 1994 , Miro et al. 2004 . Moreover, urinary creatinine can be dynamic in social situations in mice, decreasing substantially in conjunction with polyuria and polydipsia in males housed nearby females ). Nevertheless, we found value here in creatinine adjustment of testosterone, as raw testosterone was unexpectedly reduced in castrated males by E 2 injections, while this effect disappeared with adjustment for creatinine. This is because creatinine itself differed across experimental conditions, being significantly reduced by E 2 treatment. Urination in male mice is reduced after castration (Drickamer 1995) , which could have implications for creatinine. E 2 in the current study could have restored the profile of polydipsia and polyuria seen in intact males housed near females , thereby reducing urinary creatinine. We accordingly suggest that it is important to consider both raw and creatinineadjusted urinary steroid measures.
These data confirm a strong relationship between the presence of E 2 in male urine and males' capacity to induce the Vandenbergh and Bruce effects. They also highlight the similarity of these two pheromonal effects, at least with respect to the necessary physiological state of the novel males, their behaviour of transmitting urine to females and the presence of E 2 in their urine. Once E 2 -laden urine from the male reaches the female, the low molecular weight and lipophilic nature of E 2 permit its absorption into her system, enabling transport to the uterus. Once in the uterus, mechanisms are well established whereby small elevations of E 2 can promote uterine growth and disrupt implantation.
Materials and Methods

Animals
Stimulus males were heterogeneous strain (HS) mice derived from interbreeding C57-B6, Swiss Webster, CF-1 and DBA-2 strains originally obtained from Charles River Breeding Farms (St. Constant, QC, Canada). HS stimulus males were 4-8 months of age, with age counterbalanced across conditions within particular experiments. Females were CF-1 strain mice from stock obtained from Charles River Breeding Farms. For experiments concerning implantation failure, females were 3-5 months of age (33.6G0.6 g) on day 1 of gestation, with age and weight counterbalanced across conditions within particular experiments. Females in experiments concerning reproductive maturation were 21 days old (12G1.7 g) at the start of male exposure. Inseminating males were CF-1 adults of proven fertility. All mice were housed in standard polypropylene cages (28!16!11 cm height) with access to water and rodent chow made available ad libitum (8640 Teklad Certified Rodent Male exposed Figure 4 Total number of implantation sites (GS.E.M.) in female mice on gestation day 6, after 5 days of isolation (isolated) or 5 days of exposure to castrated adult males receiving either oil or oestradiol (E 2 ) injections. Number of females pregnant (numerator) and total number of females (denominator) are indicated on the bars for each condition. *Significant difference from controls.
Chow, Harlan/Teklad, Madison, WI, USA) unless otherwise stated. All animals were maintained on a reversed 14 h light:10 h darkness cycle at 21 8C. This research was approved by the McMaster University Animal Research Ethics Board, conforming to the standards of the Canadian Council on Animal Care.
Exposure apparatus
To achieve male exposure, each female was placed in the lower chamber of a double-decker apparatus adapted from that previously described (deCatanzaro et al. 1996) . Briefly, this was a 30!21!27 cm (height) transparent plexiglas cage, with the lower and upper chambers each w13 cm in height and separated by stainless steel wire-mesh grid with openings of 0.5 cm 2 . The upper chamber was divided into two compartments for two stimulus males from the same experimental treatment (see below), with the males separated by an opaque plastic divider in order to prevent aggression. The grid floor of the upper chamber let males' excretions to fall through to the female below, allowing olfactory and limited tactile contact but preventing sexual interaction. The lower chamber of the apparatus, containing the female, had standard chip bedding and independent access to water and rodent chow made available ad libitum in an outset closet. Each male in the top chamber also had access to his own water and food ad libitum in an outset closet. Females that were isolated from male exposure were housed in a similar manner, with the top chamber left empty.
Comparison of males on soy-based and phyto-oestrogenfree diets
In a preliminary experiment, the potential effect of the phytooestrogen content of a male's diet on his capacity to induce both the Vandenbergh and the Bruce effects was examined. HS stimulus males were either kept on regular rodent chow ('soy-based diet'), or fed a nutritionally similar phytooestrogen-free diet ('phyto-oestrogen-free diet', Advanced Protocol Verified Casein Diet 1 IF from Purina Mills, Inc., Richmond, IN, USA; LabDiet, Ren's Feed & Supply Ltd, Oakville, ON, Canada) . This phyto-oestrogen-free diet contains !10.0 ppm total isoflavones (aglycone equivalents of genistein, daidzein and glycitein). Ingredients of the two diets are previously described (Khan et al. 2008a ). After at least 2 months on their respective diets, males were exposed to juvenile females and recently inseminated females in the exposure apparatus using protocols described below.
Comparison of castrated males given oil or E 2
For subsequent experiments, HS stimulus males aged 2 months were bilaterally castrated under sodium pentobarbital anaesthesia and then individually housed. Injections began 1.5 months following surgery. One week prior to female exposure, all males were placed on the phyto-oestrogen-free diet described above and remained on this diet for the duration of the experiment. Five days before female exposure, each male commenced an i.m. injection regime of either 0.06 mg E 2 in 0.05 ml cottonseed oil or 0.05 ml cottonseed oil (control) under light isoflurane anaesthesia. Injections were repeated every other day throughout exposure to juvenile females and recently inseminated females (described below). After each injection, the injection site was swabbed with 95% ethanol and males remained away from females for 30-60 min.
In order to collect an initial urine sample before female exposure, males were placed in the top chamber of the exposure apparatus (without the lower chamber) positioned 1 cm above a metal surface covered with wax paper. After 48 h of acclimation to this chamber, across the first 4 h of the dark phase, urine samples from each male were collected from the wax paper using 1 ml syringes and 25 gauge needles. Immediately after urine collection, the males' chamber was placed above the lower chamber containing a female subject. Urine was also collected after 6 days of exposure to a juvenile female or after 4 days of exposure to an inseminated female, by temporarily removing the upper chamber of the exposure apparatus and placing it above the collection surface. The day of urine sampling in all cases was a day on which males were not injected. Urine samples were stored immediately after collection in 1.5 ml Diamed microtubes at K20 8C, until hormone assays were conducted concurrently for all samples from the experiment.
Vandenbergh effect protocol
CF-1 females were weaned from their dam at 21 days of age and placed in the exposure apparatus either alone or below pairs of males in the same experimental condition. Uterine and ovarian mass was used as an indicator of sexual maturation in females. At 28 days of age, after 7 days of male exposure or isolation, females were killed by cervical dislocation under isoflurane anaesthesia, and the uterus and ovaries were removed via a single abdominal incision, stripped of fat and mesentery, and each placed into a pre-weighed 1.5 ml microtube. Uteri and ovaries were weighed immediately after harvesting (wet mass), stored in calcium sulphate crystals at 4 8C for 30 days and then reweighed to obtain dry tissue mass.
Bruce effect protocol
Adult CF-1 males and virgin females from our breeding colony were paired. Females' hindquarters were checked three times daily for the presence of a sperm plug beginning 2 h after pairing and continuing for 5 days. The day of sperm plug detection was designated day 0 of gestation. Around the commencement of the dark phase of the lighting cycle on gestation day 1, each female was removed from the sire and placed in the lower chamber of the exposure apparatus either alone or below pairs of males in the same experimental condition. At the beginning of the dark phase on day 6 of gestation (after 120 h in the apparatus), each female was killed by cervical dislocation under isoflurane anaesthesia. Uteri were removed through a single abdominal incision and the number of implantation sites in each uterine horn was counted. An implantation site was defined as a round protuberance in either uterine horn (Berger et al. 2008) . Briefly, steroid assays were conducted for each sample in duplicate and using the average. NUNC (Roskilde, Denmark) Maxisorb plates were first coated with 50 ml antibody stock diluted 1:10 000 in a coating buffer consisting of 50 mmol/l bicarbonate buffer (pH 9.6), then stored for 12-14 h at 4 8C. Wash solution (0.15 mol/l NaCl solution containing 0.5 ml Tween20/l) was added to each well to rinse away unbound antibody, then 50 ml phosphate buffer was added to each well. The plates were incubated at room temperature for 2 h for E 2 and 30 min for testosterone before adding standards and samples. Before being added to the plate, urine samples were diluted 1:8 in phosphate buffer (0.1 mol/l sodium phosphate buffer, pH 7.0 containing 8.7 g NaCl and 1g BSA/l). Standard curves were derived by serial dilution from a known stock solution. For all assays, 50 ml E 2 or testosterone HRP was added to each well, with 20 ml standard, sample or control for E 2 or 50 ml standard, sample or control for testosterone. Plates were incubated for 2 h at room temperature, then washed and then 100 ml substrate solution of citrate buffer, H 2 O 2 and 2,2 0 -azino-bis (3-ethylbenzthiazoline-6-sulphonic acid), was added to each well. The plates were then covered and incubated on a plate shaker at room temperature for 30-60 min. The plates were then read with a single filter at 405 nm on a microplate reader (Bio-Tek Instruments, Inc., Winnooski, VT, USA, model ELx 808). In all assays, optical densities were obtained, standard curves were generated and a regression line fit, with samples interpolated into the equation to get a value in pg/well.
Creatinine measures were also taken in duplicate. Urine samples were diluted 1:40 urine:phosphate buffer. Using Dynatech Immulon (VWR International, Mississauga, ON, Canada) flat bottom plates, 50 ml/well standard was added with 50 ml distilled water, 50 ml 0.75 M NaOH and 50 ml 0.4 M picric acid. The plate was then shaken and incubated at room temperature for 30 min. Optical density was measured on the plate reader with a single filter at 490 nm. Standard curves were generated, regression lines were fit and the regression equation was applied to the optical density for each sample. Where steroid measures were adjusted for creatinine, this was achieved by dividing the obtained value by the measure of creatinine/ml of urine for the particular sample. Both creatinineadjusted and -unadjusted steroid measures are presented.
Statistical analyses
Data are presented as meanGS.E.M. For female uterine/ovarian tissue and implantation site data, one-way ANOVA was conducted comparing conditions. Where there was significance, pairwise multiple comparisons were conducted using the Newman-Keuls method. For implantation site data, each female was also categorised as pregnant (at least one implantation site) or not, and a c 2 test of association compared this to experimental conditions. For the male hormone and creatinine data, each measure was analysed separately before and after female exposure via a t-test for independent samples. As there was a predicted direction for the urinary E 2 measures, one-tailed t-tests were applied; all other probabilities are two tailed. All sample sizes are given in the figures and tables. The threshold for statistical significance (a level) was set at P!0.05.
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